due to the relatively high and balanced charge carrier mobilities, while the mono-fluorinated BT polymer PR1F-based devices gave a lower PCE of 2.92%. These results indicate that the region asymmetric conjugated polymer is a promising class of materials for polymer solar cell applications, and it is significant to further understand the influence of polymer structure on optoelectronic properties.
For achieving these desired properties, a common design strategy of polymer donors that incorporated molecular electron donor (D) and acceptor (A) units in an alternating manner to create the traditional architecture (D-A or D-π-A-π) was proposed [19] [20] [21] .
Recently, many results showed that the introduction of asymmetric monomer into the regioregular polymers could typically achieve a greater degree of crystallinity and thus higher device performance [15, 22, 23] . For example, Zhou and co-workers reported that the random polymer 2TRA achieved a substantially higher PCE (8.8%) than the regioregular polymer 2TRR (5.1%), where both 2TRA and 2TRR contained the same type and proportion of subunits but with different connectivity [24] . Yang's group have designed and synthesized a new type of polymer P1T with a repeat unit of D-π-A or D-π by breaking the traditional D-A or D-π-A-π configuration. And the asymmetric polymer P1T device exhibited the optimal PCE with an active layer thickness of over 200 nm [23] .
Therefore, to construct a novel asymmetric polymer would expand its potential use in high-efficiency photovoltaic applications.
Hence, we designed two region asymmetric polymers PR2F and PR1F by introducing segments were achieved by coupling one aromatic thiophene (T) unit as the "π-spacer" to the 2FBT and FBT units to construct the FBT-T and 2FBT-T moieties (A-π), respectively, which obviously differs from the traditional A and π-A-π units in the typical conjugated polymers [23] . The molecular structures of the repeat units and relevant polymers PR2F
and PR1F are shown in Figure 1 and Scheme 1, which highlights three repeat units of A-D-A, π-D-A, and π-D-π along the polymer backbone for our molecular design.
Therefore, the two region asymmetric polymers differ from the conventional polymers featuring a D-A or D-π-A-π backbone. Both polymers show a low lying of HOMO energy level in relation to that of the PC61BM acceptor and then obtain the high VOC of ~1 V in both PR2F and PR1F devices. The PR2F:PC61BM devices gave an appreciable PCE of 4.73%, while the PR1F/PC61BM blend devices exhibited a lower PCE of 2.92%. It can be seen that the region asymmetric polymer is a novel idea to design active layer donor materials for achieving high performance solar cells, and it is significant to further understand the influence of polymer structure on optoelectronic properties. 
Results and discussion

Synthesis and characterization of the polymers
The detailed synthesis procedure for four A-π monomers (M1, M2, M3 and M4) and relevant polymers (PR2F and PR1F) is shown in Scheme 1 and described in the Experimental section. The key monomers M1 and M2 were prepared using Stille polymerization with the dibrominated FBT/2FBT and the mono-stannylated T with a ratio of 1:1 in the presence of Pd(PPh3)4 as a catalyst, in 68% yield. Bromination of M1
and M2 with NBS gave the dibrominated FBT-T/2FBT-T monomer (M3 or M4) in high yield of 93%. The final polymers PR2F and PR1F were also synthesized via stille polymerization between the distannylated BDT monomer and the dibrominated FBT-T/2FBT-T monomer (M3 or M4) in good yield (80%). It should be noted that each BDT end could chemically couple with a T or FBT/2FBT end in the FBT-T/2FBT-T segments, so the same subunits (T and FBT-T/2FBT-T) can be arranged in different configurations along the polymer backbone (Fig. 1) . The number-average molecular weights (Mn) and polydispersity index (PDI) of the regional asymmetry polymers PR2F and PR1F were analyzed by gel permeation chromatography (GPC) with THF as the eluent. The Mn of PR2F and PR1F are 24.9 kDa and 61.9 kDa, respectively, corresponding to PDI values of 3.31 and 1.91. The lower molecular weight and the larger PDI value for PR2F might be due to its limited solubility. Figure 3 shows the absorption spectra of PR2F and PR1F in chloroform solution and thin solid film. From solution to film, the two polymers demonstrated strong and broad absorption spectra in the wavelength region from 300 nm to 750 nm and became broader and red-shifted due to the aggregation of polymer chains in the solid state [25] . The well-defined absorption peaks both in the solution and thin films with a vibronic shoulder in the longer wavelength range imply the existence of ordered aggregation and strong π-π stacking induced by F atoms. Corresponding to the intramolecular charge transfer interaction between the D and A units, the two absorption peaks of the film at the long wavelength implicate a high degree of molecular order within the film [26] . The optical band gaps (Eg opt ) of PR2F and PR1F were calculated from the absorption edge of the thin films to be 1.75 and 1.73 eV, respectively. The thermal properties of the polymers were investigated by thermogravimetric analysis (TGA), as shown in Figure 5 and Table 1 . It is noteworthy that the decomposition temperature (Td) estimated from onset point of the 5% weight loss of polymer PR2F (339 °C) was higher than that of PR1F (323 °C). The thermal stabilities of PR2F and PR1F are good enough for their application in PSCs. To corroborate the measured JSC results, the EQE of the PSCs based on polymers:PC61BM (1:1.5, w/w) with and without SVA was measured under monochromatic light, as shown in Figure 6b . All devices without SVA exhibited a response range from 300 to 700 nm, with a maximum EQE value of 0.43 at 600 nm.
Optical, electrochemical and thermal properties
Moreover, SVA produced a significant improvement in the EQE in the wavelength range of 300-700 nm. The device with PR2F showed substantially higher photoresponse than that with PR1F-based device, which contributed a lot to the high JSC and stronger film absorption. The JSC of PR2F:PC61BM and PR1F:PC61BM with SVA estimated by the integration of the EQE spectrum agrees with the values from the J-V measurement. 
Charge transport properties
High charge carrier mobility and balanced charge-carrier transport are very important for high performance photovoltaic materials in PSCs [29, 30] . To compare their hole and electron transport properties, we first measured vertical transport in blend films using the space-charge-limited current (SCLC) model and the hole-only and electron-only devices with the structure of ITO/PEDOT:PSS/polymer:PC61BM/MoO3/Al and ITO/ZnO/polymer:PC61BM/LiF/Al were fabricated [20] , respectively. As shown in Figure 7 , the hole and electron mobilities (μh and μe) were estimated to be 1. We also measure the fraction of absorption photons in blended thin films based on PR2F and PR1 (Figure 8a ). It was indicated that the PR2F:PC61BM blend film showed the stronger absorption intensity from 300 to 660 nm. The photoluminescence (PL) emission spectra were analyzed to study the charge transfer behavior within the blend films. The emission spectra of the pure polymer and polymer:PC61BM blend films are obtained and shown in Figure 8b . The pure PR2F and PR1F films exhibited a strong PL response compared with polymers blend with PC61BM ranging from 650 to 850 nm with the main peaks at 710 and 725 nm, respectively. When blended with PC61BM, the PL emission peaks of the polymers were obviously quenched, suggesting that efficient photo induced charge transfer occur in the film, which was a prerequisite for achieving high photovoltaic performance. 
Morphology study
The surface morphology of the photoactive layers was studied by tapping mode atomic force microscopy (AFM). Figure 9 shows the height and phase images of the as-cast and SVA blend films of PR2F:PC61BM and PR1F:PC61BM. Both the PR2F:PC61BM and PR1F:PC61BM blend films exhibit well-developed interconnected network with nanoscale fibril structure. The AFM images in Figure 9 demonstrate that SVA produced PR2F:PC61BM and PR1F:PC61BM films with rather smooth surfaces, accompanied by a reduction in the root-mean-square (RMS) roughness from 7.08 to 3.59 nm for PR2F:PC61BM and from 8.34 to 5.65 nm for PR1F:PC61BM. It is believed that such morphological change can facilitate charge separation and collection [31] . 
Experimental Section
Materials
All chemicals were purchased from commercial sources and used without further purification, except that toluene was dried over Na/benzophenone ketyl and freshly distilled prior to use. All air and water sensitive reactions were performed under a nitrogen atmosphere. Monomers M1, M2, M3 and M4 were synthesized according to the literature methods [24, 33] . PR2F and PR1F were synthesized by Stille polymerization.
Synthesis details are described below. Photoluminescence (PL) spectra of the polymers were characterized using Edinburgh Instruments FLS980. The surface roughness and morphology of thin films were characterized by using a tapping-mode atomic force microscope (AFM, Agilent 5400). 
4-bromo-7-(4-
(
